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ABSTRACT
We consider formation of accretion disks from a realistically turbulent molecular gas using 3D MHD
simulations. In particular, we analyze the effect of the fast turbulent reconnection described by the
Lazarian & Vishniac (1999) model for the removal of magnetic flux from a disk. With our numerical
simulations we demonstrate how the fast reconnection enables protostellar disk formation resolving the
so-called “magnetic braking catastrophe”. In particular, we provide a detailed study of the dynamics
of a 0.5 M protostar and the formation of its disk for up to several thousands years. We measure
the evolution of the mass, angular momentum, magnetic field, and turbulence around the star. We
consider effects of two processes that strongly affect the magnetic transfer of angular momentum,
both of which are based on turbulent reconnection: the first, “reconnection diffusion”, removes the
magnetic flux from the disk; the other involves the change of the magnetic field’s topology, but does
not change the absolute value of the magnetic flux through the disk. We demonstrate that for the
first mechanism, turbulence causes a magnetic flux transport outward from the inner disk to the
ambient medium, thus decreasing the coupling of the disk to the ambient material. A similar effect is
achieved through the change of the magnetic field’s topology from a split monopole configuration to a
dipole configuration. We explore how both mechanisms prevent the catastrophic loss of disk angular
momentum and compare both above turbulent reconnection mechanisms with alternative mechanisms
from the literature.
Subject headings: diffusion - ISM: magnetic fields - magnetohydrodynamics (MHD) - accretion, accre-
tion discs - turbulence
1. INTRODUCTION
Magnetic fields play an essential role for the formation
of circumstellar disks. The modern theories of disk for-
mation accept that magnetic fields dominate the dynam-
ics in the disk (Li & McKee 1996; Li et al. 2011, 2013).
The usual assumption behind this reasoning is based on
the notion that in an ideal MHD situation, the magnetic
field is frozen into the fluid. Hence, the magnetic field in
the rotating disk is connected to the ambient interstellar
gas, and this results in the loss of angular momentum
of the infalling material. For the typical values of the
interstellar magnetic fields, this magnetically-mediated
loss of angular momentum may be so fast that accretion
disks should not be able to form, a prediction grossly
contradicted by ALMA observations (e.g. Tobin et al.
2012). This problem is so severe that it is known as the
“magnetic braking catastrophe”.
Naturally, it seems essential to account for the mag-
netic field diffusivity in a realistic interstellar environ-
ment. Non-ideal MHD effects can decouple matter from
magnetic fields in different ways, allowing a diffusivity,
different mechanisms for which have been discussed in
the literature. The most common effect is related to am-
bipolar diffusion processes Shu (1983); Shu et al. (2006).
Ambipolar diffusion allows relative motions of the ionized
gas and the neutral gas, and consequently allows mag-
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netic fields to diffuse out of accretion disks. However, to
make the process work with sufficient efficiency, very spe-
cial conditions are required, making ambipolar diffusion
an unlikely candidate (see Li et al. 2014, for a review).
As a result, Shu et al. (2006) suggests that an enhanced
Ohmic dissipation may be present in the disks, but does
not provide a quantitative physical mechanism to explain
such an enhancement of Ohmic diffusivity. In this situa-
tion, the enhanced Ohmic dissipation cannot be consid-
ered as a general viable solution. Other plasma effects
have also been considered: in particular, the influence
of the Hall effect, were discussed, e.g. in Krasnopolsky
et al. (2010); Braiding & Wardle (2012); Tomida et al.
(2013). We discuss the relative importance of this effect
further in the paper. There are other effects, such as the
misalignment between the rotation axis of the disk and
the magnetic field Hennebelle & Ciardi (2009); Ciardi
& Hennebelle (2010). The aforementioned studies found
that any misalignment has a considerable effect on the
magnetic braking efficiency. This weakening, however,
can only explain up to 50% of the disk formation cases.
In view of these difficulties, it is worth asking a ques-
tion of whether magnetic fields are really frozen in the
realistic interstellar medium, which is known to be tur-
bulent. The evidence of turbulence in interstellar me-
dia is overwhelming (Elmegreen & Scalo 2004; McKee
& Ostriker 2007; Falgarone et al. 2008; Chepurnov &
Lazarian 2010), and turbulence is known to change the
transport properties of fluids, which begs the question of
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how turbulence can affect the evolution of magnetic fields
in accretion disks. Lazarian & Vishniac (1999, hence-
forth LV99) presented a theory of fast 3D reconnection
in turbulent media that suggested a possibility of mag-
netic flux having fast topology changes and diffusion in
highly-conductive media. The LV99 model prediction of
efficient motion relative to conducting fluid challenged
the traditional concept of flux freezing of magnetic field
in turbulent fluids. This notion was further elaborated
and rigorously proven in later papers (see Eyink et al.
2011; Eyink 2015), while the theory and its major conse-
quence to the violation of flux freezing were successfully
tested in Kowal et al. (2009, 2012); Eyink & Benveniste
(2013). These works constitute the justification for our
further discussion of the dynamics of magnetic fields in
turbulent fluids (see also the recent review in Lazarian
et al. 2015a).
On the basis of the LV99 theory, Lazarian (2005) sug-
gested that fast turbulent reconnection should substan-
tially affect our understanding of the diffusion of mag-
netic fields at play during star formation (see a recent
review by Lazarian et al. 2014). This may be important
for the removal of magnetic field from molecular clouds
and accretion disks and the redistribution of magnetic
field in the interstellar medium. To stress the importance
of reconnection and to distinguish the process from the
commonly used “ambipolar diffusion” process, the new
process was termed “reconnection diffusion”. In terms
of magnetized disks, appealing to the data in Shu et al.
(2006), Lazarian & Vishniac (2009) suggested that the
process of reconnection diffusion could explain the prob-
lem of angular momentum of the accretion disks around
young stars, thus resolving the magnetic braking catas-
trophe. A detailed discussion of the processes of recon-
nection diffusion and their relationship to star forma-
tion can be found in Lazarian et al. (2012). We stress
that turbulence is assumed as a default interstellar con-
dition: therefore, the diffusion mediated by turbulent
reconnection may be called concisely “reconnection dif-
fusion” rather than “turbulent reconnection diffusion”.
We also avoid using the term “turbulent reconnection
diffusion” as it may be reminiscent of the poorly justi-
fied misleading concept “turbulent resistivity” that we
also briefly discuss in the paper.
The first numerical study of reconnection diffusion was
performed in Santos-Lima et al. (2010) with 3D MHD
code and turbulent driving. This study convincingly
demonstrated that reconnection diffusion can resolve a
number of other paradoxes related to magnetic fields,
e.g., the poor correlation of density and magnetic field
in the diffuse interstellar medium. It also showed that
magnetic fields can be quickly removed by reconnec-
tion diffusion during star formation activity. Santos-
Lima et al. (2012) subsequently focused on a rotationally-
supported disk forming from turbulent medium, and pro-
vided numerical evidence that reconnection diffusion can
efficiently solve the “magnetic braking catastrophe”.
Effects of turbulence on accretion disks have attracted
the attention of other research groups. Soon after Santos-
Lima et al. (2012), Seifried et al. (2012, 2013) made
similar simulations considering turbulent environments,
but questioned the importance of reconnection diffu-
sion effect in disks. The authors claimed—but did not
observe—diffusion of magnetic field. Instead, they pro-
posed that turbulence itself, without any effect from
loss of magnetic flux, can solve the problem related to
the disk’s angular momentum. The subsequent work in
Santos-Lima et al. (2013) demonstrated that the diffu-
sion of magnetic fields occurs at radii smaller than those
considered by Seifried et al. (2012), and suggested that
this may be the cause of the difference in conclusions
between the two studies.
Due to the importance of the issue, we feel that addi-
tional, detailed studies of magnetic field and momentum
diffusion are necessary. In this paper, we quantify how
the diffusion of the magnetic field depends on the tur-
bulence properties of the medium, and we compare our
results to those that follow from reconnection diffusion
theory. We also test a claim in Seifried et al. (2012,
2013) of whether the accretion disk formation is enabled
through external spinning of the disk by turbulence. Fur-
thermore, we present a second mechanism related to re-
connection, a mechanism which can mitigate the prob-
lems of disk formation around stars. In Section 2, we
briefly explore magnetic reconnection theory, and how
magnetic flux dynamics interact within turbulent fluids;
in Section 3, we explore the angular momentum trans-
port theory; in Section 4, we describe the numerical code
and setup for the simulations; in Section 5, we present
our numerical results; in Section 6, we discuss our re-
sults and their correspondence with the theory; and in
Section 7, we give our conclusions.
2. MAGNETIC RECONNECTION AND VIOLATION OF
FLUX FREEZING IN ASTROPHYSICAL PLASMAS
Astrophysical plasmas are highly conductive and there-
fore, it is usually assumed that any magnetic field diffu-
sion is negligible on astrophysical scales. As a result, the
concept of magnetic field freezing, based on the Alfve´n
theorem, is widely used for describing the behavior of as-
trophysical magnetic fields (Alfve´n 1942). Nevertheless,
nature demonstrates that, on many occasions (e.g., dur-
ing solar flares), the conversion of magnetic energy into
heat and energetic particles violates flux freezing (see
more more detailed discussion in Lazarian et al. 2015a).
Since most astrophysical fluids have high Reynolds
numbers and demonstrate turbulence, it is natural to
consider magnetic properties of turbulent fluids, as op-
posed to the laminar fluids considered within the context
of the Alfve´n theorem. The theory of 3D turbulent recon-
nection (originally discussed in LV99, and summarized
below) is the basis of our further consideration.
When one deals with simulations of astrophysical
phenomena, it is essential to remember that—in most
cases—a numerical experiment is a crude toy model of
a complex astrophysical process. Additionally, numer-
ical effects must be very carefully accounted for before
any physical conclusion is made. This is absolutely es-
sential for the processes of reconnection where the rele-
vant dimensionless number that characterizes the Ohmic
diffusivity (the Lundquist number) of fluids in real as-
trophysical system is orders of magnitude larger than
anything that can be possibly achieved with simulations.
The Lundquist number is: S = LxVA/ν, where Lx is the
characteristic scale of the system, VA is Alfve´n velocity,
and ν is Ohmic resistivity. Thus, the common argument
of testing the accuracy of the results by changing the res-
olution by a small factor is very unreliable. Therefore,
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Fig. 1.— Top panel The Sweet-Parker reconnection model. Mid-
dle panel The turbulent reconnection model (LV99). Bottom panel
a blowup on scale of the turbulent reconnection model. LX is
the scale of the reconnection and ∆ the outflow thickness on the
macroscopic level, λ‖ and λ⊥ at the individual scale on the turbu-
lent model.
we claim that the effect of reconnection can be traced by
simulations similar to Santos-Lima et al. (2010); Seifried
et al. (2012, 2013) only if the physics of the reconnection
diffusion is understood on a more fundamental level. In
view of this, we stress that the reconnection diffusion that
is based on the LV99 theory and its later extensions is
not a concept obtained through brute-force experiment-
ing with models of molecular clouds and accretion disks.
The theory itself has been tested separately in specially-
designed numerical experiments (Kowal et al. 2009, 2012;
Vishniac et al. 2012; Eyink et al. 2013; Eyink & Ben-
veniste 2013), and is being used as a foundation for the
interpretation of our results.
We explain the previous point by stressing that mag-
netic field diffusion manifests in several ways in numerical
simulations. Some diffusion is due to numerical effects,
and is parasitic (i.e., it is not related to real astrophysi-
cal processes in high-conduction plasmas). However, this
diffusion has been shown to be small, when compared
with real diffusive-type processes induced by the viola-
tion of flux freezing in turbulent media (see Lazarian
et al. 2015a, and references therein). The physical diffu-
sion of the plasma and magnetic field is independent of
resistivity. Therefore, even with limited numerical res-
olution, the large-scale slippage is physical in numerical
simulations (i.e., it is not dominated by numerical ef-
fects). On this basis, we argue that the numerical results
in this and earlier papers (e.g., Santos-Lima et al. 2013),
can be trusted. In other words, it is important to keep
in mind that the present paper simply explores the con-
sequences of the violation of flux freezing in turbulent
media, while the concept is studied in detail elsewhere
(see Lazarian et al. 2015a, and references therein).
The details of the reconnection theory in turbulent flu-
ids have been discussed in a number a series of papers
starting with LV99 (see Lazarian et al. (2004); Kowal
et al. (2009); Eyink et al. (2011); Eyink & Benveniste
(2013), see Lazarian et al. (2015a) for a review). Never-
theless, we believe that a simple illustration of the tur-
bulent reconnection process may be appropriate. Figure
1 illustrates the process of magnetic reconnection as sug-
gested by LV99. Compared to the classical Sweet-Parker
reconnection in laminar fluids, the outflow in the case
of turbulence is limited not by the microscopic Ohmic
diffusivity, but by turbulent magnetic field wandering.
Mathematically, this means that the mass conservation
constraint vrecLx = vA∆ depends on the level of turbu-
lence, e.g. for trans-Alfve´nic turbulence, ∆ in turbulent
fluids can be comparable with the scale Lx at which mag-
netic fluxes come into contact. In this scenario, Lx is the
length of the magnetic sheet, vA the Alfve´n speed, vrec is
the reconnection speed, and ∆ is the size of the outflow
region.
The LV99 theory considers at all scales the turbulent
movements of a magnetic field induced by the eddies
of the host medium. This changes the ejection scale of
the reconnection in a way that does not depend on the
Lundquist number. Hence, allowing a fast reconnection
speed only depends on the properties of turbulence
vrec = vA(l/Lx)
−1/2(vl/vA)2 , (1)
where l is the turbulence injection scale and vl is the ve-
locity of the injection. This type of fast reconnection was
shown in LV99 to make the Goldreich & Sridhar (1995,
GS95) model of turbulence self-consistent. Without fast
reconnection, the mixing motions associated with tur-
bulent eddies rotating perpendicular to a magnetic field
would result in the formation of unresolved magnetic
knots. These unconstrained mixing motions induce the
process of reconnection diffusion that we consider.
We may mention parenthetically that if the recon-
nection were slow, any MHD turbulent numerical sim-
ulations would be meaningless. The huge differences
in magnetic reconnection in astrophysical fluids for
high Lundquist numbers and relatively low numerically-
limited Lundquist numbers would make the turbulence in
numerical simulations very dissimilar to its astrophysical
counterpart.
As discussed above, the “magnetic braking catastro-
phe” results from the assumption that magnetic field
lines are frozen into plasmas. In the presence of magnetic
reconnection, a magnetic field is constantly changing its
topology and connections with time, and therefore, mat-
ter and the magnetic field move relative to one another.
Figure 2 illustrates reconnection diffusion at one scale
as adjacent eddies exchange the parts of the flux tubes
that are passing through them. One should keep in mind
that such a process takes place at all scales of the turbu-
lent cascade, enabling efficient exchange of plasma within
magnetic flux tubes with different mass-to-flux ratios. A
formal way to show the failure of flux freezing in turbu-
lent media is demonstrated in Lazarian et al. (2015a).
A numerical study confirming the violation of flux freez-
ing was performed with the extensive data set of MHD
turbulence data in Eyink et al. (2013).
It is important to stress that reconnection diffusion
is independent of the microscopic characteristics of the
magnetized plasma, including the ionization state of the
matter. Instead, it depends on the the scale and veloci-
ties of the turbulent eddies. Flux transport by reconnec-
tion diffusion is faster where turbulence is stronger. This
point is crucial to understand the removal of magnetic
fields in the theory of disk formation. In the presence
of gravity, such as in molecular clouds, diffusion will in-
crease the segregation between the gas being pulled by
the gravitational potential and the weightless magnetic
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Fig. 2.— The reconnection diffusion mechanism between to ed-
dies rotates in the same direction. Mixing of matter and the mag-
netic field occurs due to the reconnection of the magnetic field
lines.
field.
Finally, dealing with the theoretical foundations of the
present work, we would like to remind our reader of a few
facts about the turbulence statistics. Turbulence dis-
tributes kinetic energy over different scales, giving rise
to an energy spectrum. In three dimensions, the energy
spectrum for the Kolmogorov turbulence is:
E(k) = Cε2/3k−5/3 , (2)
where C is a constant, ε is the energy dissipation that de-
pends on the viscosity, and k is the modulus of the wave
vector. This power-law assumes a self-similarity at all
the scales of the turbulence. The GS95 turbulence hap-
pens to be rather similar to the Kolmogorov turbulence in
spite of the presence of magnetic field. The magnetic field
makes the turbulence anisotropic, but the eddy motions
perpendicular to the magnetic field preserve their eddy-
type Kolmogorov nature (see Brandenburg & Lazarian
2013, for a review).
Because turbulence is a stochastic process, statistical
tools are necessary to understand its behavior. In this
paper, we will use structure functions, a statistical tool
that uses a two-point correlation, analyzing the “lag” be-
tween the two points. In other words, the lag is the dis-
tance (x2 − x1) between two points. The lag r is related
to the wave number, (k = |k| ∼ 2pi/|r|). The structure
functions of order n are:
SF (r) = 〈[f(x1)− f(x1 + r)]n〉 = 〈[f(x1)− f(x2)]n〉 ,
(3)
were f can be any function. In the case of turbulent
motions, f is the turbulent velocity. However, the en-
ergy spectrum of turbulence is obtained from second-
order structure functions (equation 2).
Due to its construction, the amplitude of a structure
function is related to the intensity of the turbulence.
Therefore, a correlation between the magnetic flux dif-
fusion and the amplitude of the structure function is ex-
pected. This is important because, as pointed out in
Santos-Lima et al. (2013), the mass-to-flux ratio µ cannot
be used as a quantity to analyze the correlation between
diffusion processes and turbulence.
3. ANGULAR MOMENTUM TRANSPORT DURING DISK
FORMATION
3.1. General considerations
In the paper, we study the angular momentum flux in
the accretion disk. The angular momentum flux has both
components associated with plasmas and and a magnetic
field. In general, the angular momentum follows the re-
lation for a constant r:
∂t(ρijkrjuk) + ∂l(Λil) = ijkrjfk , (4)
where ρ is the density, f external forces such as turbu-
lence injection, ijk the Levi-Civita symbol, and Λkl is
the angular momentum tensor. The angular momen-
tum tensor is construct using the momentum tensor
including viscosity and the magnetic component. For
cartesian coordinates the momentum tensor is: Πkl =
pδkl+ρukul+ν(∂iuk +∂kui−2/3∂jvjδik) and the angu-
lar momentum tensor is: Λkl = kijρri(ujul − ν(∂jul +
∂jul))+ kijriBjBl = Λb+Λm, where r is the position of
the element, u the speed, B the magnetic field, Λg is the
matter component of the momentum tensor, and Λb the
magnetic one. The angular momentum flux to the disk is
then given by the radial and z component of Λ. This tool
permits a measurement of the direction and magnitude
of the angular momentum flux going in or out of the disk
that is evaluated through time.
Consider a disk being built up around a protostar. Us-
ing a cylindrical coordinate system (R, θ, z) with its ori-
gin in the protostar and the z-axis alined in the direction
of the rotation axis of the disk, the equation describing
the evolution of the the z component of the angular mo-
mentum density mz ≡ ρRuθ is given by:
∂mz
∂t
= −∇·(mzu−RBθB)− ∂p
∂θ
+
∂Φ
∂θ
+R(∇·σ)θ , (5)
where the viscosity is included in the stress tensor σ and
Φ is the gravitational potential. Let us assume the ideal-
ized case of axisymmetry in what follows, dropping the
terms related to the thermal pressure and gravitational
acceleration. Consider a control volume of cylindrical
shape, with radius R0 and half-height z0 (centered on
the origin and aligned with the coordinate system). The
rate of change of the total ‘z’ component of the angular
momentum (Jz, henceforth just angular momentum) of
the gas inside the volume is given by:
dJz
dt
= τgas + τB , (6)
where Jz = 2piR
2
0z0〈mz〉V (the brackets 〈·〉V mean an
average over the cylindrical volume), and the gas and
magnetic torques are given respectively by:
τgas=piR
2
0 (〈mzuz〉S2 − 〈mzuz〉S1)
−4piR0z0〈mzuR〉S3 , (7)
τB =piR
2
0 (〈RBθBz〉S1 − 〈RBθBz〉S2)
+4piR0z0〈RBθBR〉S3 , (8)
where 〈·〉S1,S2,S3 mean, respectively, averages over the
upper, bottom, and lateral surfaces of the cylinder.
The matter torque τmatter is due to the flow of matter
carrying angular momentum into and out of the disk as
a whole. Of course it must be predominantly positive
during the disk formation. The magnetic field torque τB ,
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on the other hand, must be negative, as it is explained
below.
The Bθ component has its origin from two sources.
One is the vertical shear of the rotation velocity at the
disk upper and bottom surfaces, which stretches the ver-
tical component Bz at expenses of the rotation. This
disturbance of the field lines propagates out of the disk,
generating a helical pattern of the field lines, which can
be described as torsional Alfve´n waves carrying angular
momentum (see Joos et al. 2013). The other source is
the shear of the rotation velocity in the radial direction,
caused by the differential rotation inside the disk, which
stretches the radial component BR and transfers angular
momentum to external radius.
Therefore, the negative torque produced by the mag-
netic field lines transports angular momentum from the
disk to the envelope. Mouschovias (1977) calculated the
time-scale for the braking of the disk rotation, when the
mean magnetic field is aligned to the rotation axis of the
disk:
τ‖ =
ρd
ρe
Zd
vA,e
≡
(
pi
ρe
)1/2
Md
ΦB
, (9)
where ρd and ρe are the densities of the disk and en-
velope, respectively, Zd is the half-thickness of the disk,
vA,e is the Alfve´n speed in the envelope, Md is the disk
mass, and ΦB is its magnetic flux. Using realistic values
of magnetic field in cloud cores, it is found that in the
absence of turbulence the associated timescale is short,
when compared to the timescale for the formation of the
disk. This process has been demonstrated numerically
in several studies e.g. (Krasnopolsky et al. 2010; Santos-
Lima et al. 2012).
3.2. Numerical studies of the magnetic flux loss
Using 2D, high resolution numerical simulations,
Krasnopolsky et al. (2010) demonstrated that a rota-
tionally supported disk can be formed when resistivity
enhanced orders of magnitude compared with the ex-
pected resistivity is present. This artificially high resis-
tivity is decoupling magnetic fields from the disk mate-
rial. He found the magnetic diffusivity is required to be
∼ 1020 cm2 s−1 for the realistic values of magnetic field
in the initial cloud. For realistic Ohmic resistivity values,
the diffusivity values are significantly below this estimate
(e.g. ∼ 1017 cm2 s−1 for a density of 10−13 g cm−3),
signifying an effective magnetic braking, and preventing
the formation of a Keplerian disk. Not surprisingly, they
found that a rotationally-supported disk formed in the
presence of the enhanced resistivity has a substantially
reduced magnetic flux. Therefore, the magnetic torque
is mitigated due to the reduction of Bz.
As we discussed earlier, an efficient magnetic diffusivity
happens naturally in turbulent plasmas and does not re-
quire any enhancement of Ohmic effects. In fact, Santos-
Lima et al. (2012) analyzed numerically the effect of re-
connection diffusion (Lazarian 2005) as a physical mech-
anism that is able to provide the magnetic diffusivity at
the levels required in Krasnopolsky et al. (2010). Using
3D simulations and initial conditions analogous of those
in Krasnopolsky et al. (2010), they demonstrated that
when the turbulent molecular cloud undergoes star for-
mation, a rotationally-supported disk forms without the
need for enhanced Ohmic resistivity. They employed tur-
bulence injection with features needed to provide the lev-
els of magnetic diffusivity required (ηturb ∼ 1021 cm2s−1,
1). They demonstrated the newly-formed disk has a
smaller magnetic flux than the pseudo-disk formed when
turbulence is absent (that is, when only numerical resis-
tivity is present and the magnetic braking is efficient),
but this magnetic flux is larger than that from the disk
formed without turbulence but in the presence of super-
resistivity (see details in Santos-Lima et al. 2012, 2013).
Appealing to the theory of turbulent reconnection, the
authors explained that the observed effect is real (i.e.,
it is not related to limited numerical resolution). This
studies are the starting point of our present research.
As we mentioned earlier, the conclusion that recon-
nection diffusion (RD) dominates flux loss in turbulent
disks was challenged in Seifried et al. (2013) who also
studied the formation of protostellar disks inside a tur-
bulent molecular cloud. They followed the stellar for-
mation process since the molecular cloud scales down to
the scales of the protostellar disks, employing in their 3D
numerical simulations the techniques of Adaptive Mesh
Refinement and sink particles (see Federrath et al. 2010),
solving the self-gravity in a self-consistent way. A turbu-
lence spectrum is present in the initial cloud, and natu-
rally develops as time passes due to cascading, without
need for driving. They also demonstrated the formation
of protostellar disks sustained by rotation when the tur-
bulence was present, while the Keplerian disks failed to
form in the absence of turbulence.
For a set of rotationally-sustained disks formed from
their simulation, Seifried et al. (2013) measured the ra-
tio of two timescales, the disk formation torque and the
magnetic braking torque, i.e. |τmatter/τB | (inside cylin-
drical volumes of radius varying from R0 = 1− 1000 AU
and half-height z0 = 40 AU). They found this ratio to
be < 1 in their simulation without turbulence (for the
interval 7 < R0 < 50), as one would expect when the
magnetic braking is efficient in extracting angular mo-
mentum from the disk. For their simulations where tur-
bulence was present, they found the ratio |τmatter/τB | to
be larger than 1 (∼ 100 at R0 ∼ 5 and decaying to ∼ 3 at
R0 ∼ 100 AU for most of models; for one of their mod-
els, this ratio starts from ∼ 1000 at R0 ∼ 5 and decays
to ∼ 100 for radius larger than 100 AU; see Figure 4 in
Seifried et al. (2013)). The authors did not observe the
decrease of the magnetic flux due to reconnection diffu-
sion. Instead one of their interpretations of the results
was that the turbulence decreases τmatter due to the tur-
bulent shear local, which feeds the angular momentum of
the disk. The present study is aimed to provide the diag-
nostics to analyze this effect versus the effect of magnetic
reconnection.
The mass-to-flux ratio is a tool used to measure the for-
mation of the disk. As Santos-Lima et al. (2012) showed,
this tool can be misleading. Nonetheless, the trend is an
increase of the mass-to-flux ratio over the disk formation,
implying a reduction of Bz. In the case where the mis-
alignment between the magnetic field and angular mo-
mentum is small, the mass-to-flux ratio trend can only be
explained by RD in the presence of turbulence. This ef-
1 This estimate for the reconnection diffusion is valid for super-
Alfve´nic turbulence (see more details in Eyink et al. (2011).)
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fect has been measured in different studies (Santos-Lima
et al. 2012; Joos et al. 2013; Seifried et al. 2013). In par-
ticular, Joos et al. (2013) measured it in the disk scale
and found that the increase in the mass-to-flux ratio can
be avoided if the turbulence is injected after the initial
phase of the disk formation. Therefore, in order to ob-
serve the effects of turbulence in the envelope—excluding
the increase in the mass-to-flux ratio—turbulence cannot
be present at the beginning of the simulation.
4. NUMERICAL SETUP
We use the AMUN code, a 3D Cartesian Godunov
MHD code (Kowal et al. 2007; Falceta-Gonc¸alves et al.
2008). The code solves the resistive MHD equation con-
sidering an isothermal equation of state:
∂ρ
∂t
+∇ · (ρv) = 0 ,
ρ
( ∂
∂t
+ v · ∇)v = −c2s∇ρ+ (∇×B)×B− ρ∇φ+ f ,
∂B
∂t
= ∇× (v ×B) + η∇2B ,
∇ ·B = 0 ,
(10)
where ρ is the density, v is the velocity, cs is the sound
speed, B is the magnetic field, φ is the gravitational po-
tential, η is the resistivity, and f is an external random
force. The code uses a one-fluid approximation, which is
valid since reconnection diffusion is not highly dependent
on the ionization state. For this case, f is a random force
that injects the turbulence. The turbulence is distributed
isotropically in Fourier space, as governed by a Gaussian
distribution, centered around the injection scale. The in-
jection scale is defined as: 2.5 linj = lbox. The turbulence
is driven during the first half of the simulation, since star
formation regions do not have constant turbulence injec-
tion. The turbulence velocity is ∼ 8× 104 cm s−1.
The AMUN code uses second-order, shock-capturing
Godunov and time-evolution Runge-Kutta approxima-
tions. The fluxes are calculated by an HLL solver. Open
boundary conditions with null magnetic potential were
used. This condition prevents artificial artifacts such as
spiral arms and corners in the disk (Santos-Lima et al.
2012). The gravitational potential only considers one
sink particle, the protostar. Since there is no self-gravity,
no sink particles are created. The accretion technique
is described in (Federrath et al. 2010), and assumes a
smoothing radius (inside which angular momentum and
mass are conserved) to solve the potential well.
4.1. Protostellar Disk model
The initial setup is a collapsing cloud progenitor with
initial constant rotation. The velocity profile is given
by vφ = cstanh(R/Rs), where the maximum velocity
is ∼ 2 × 104 cm s−1 and Rs ∼200 AU, as studied by
Krasnopolsky et al. (2010). The magnetic field is uni-
formly distributed with a magnitude of 35 µG in the z
direction. The protostar has an initial mass of 0.5 M.
The simulations were made in a 5123 grid. The initial
setup is shown in Figure 3. Based on LV99 reconnection
theory, we know that reconnection diffusion does not de-
pend on the resistivity—and therefore, on the resolution.
Fig. 3.— Density profile in log scale of the disk [g cm−3]. Left
panels: t1 = 0 yr and the right size at t2 = 28, 538 yr. Top panels:
“XY” plane at z = 0. Bottom panels: a “XZ” plane at y = 0.
Simulations with lower resolution were made confirm-
ing, the no dependance with resolution. This has also
been observed in numerical works by Santos-Lima et al.
(2010), although as we discussed earlier, such resolution
studies would not be convincing in the absence of the
reconnection theory, which is the basis of the RD. More
over, in order to test that is RD the diffusion mechanism,
non-turbulent models were implemented showing that
just numerical diffusion is not sufficient to form a sta-
ble disk. The minimum scale of the grid is ∼7.3 AU, and
so the total physical size for the simulation is ∼4010 AU.
The simulation evolves for 28,538 yr.
5. RESULTS
We first corroborate and extend the results of Santos-
Lima et al. (2012), analyzing the magnetic flux Φ,
the mass-to-flux ratio M/Φ, and the mass M through
spheres of different radius R, centered at the protostar.
The magnetic flux Φ is calculated using the average of
the z-component of the magnetic field inside the sphere
(〈Bz〉): Φ = piR2〈Bz〉. The results are shown in Figure
4.
Results shown in Figure 4 confirm the findings ob-
tained in the case of turbulent formation of disk in
Santos-Lima et al. (2013) but with a higher numeri-
cal resolution than in the aforementioned work. Lower
panel of Figure 4 shows the mass-to-flux ratio of the disk.
The general trend of the mass-to-flux ratio is to increase
with time, albeit with small bumps, caused by either the
change in the magnetic field topology (see Section 5.2)
or the turbulent movements of the medium.
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Fig. 4.— Time evolution of the mass M (top panel), magnetic-
flux Φ (middle panel), and mass-to-flux ratio M/Φ (bottom panel)
inside spheres of different radius r centered at the protostar. Blue
lines: r = 100 AU; red lines: r = 200 AU; green lines: r =
2, 000 AU. The magnetic flux was calculated using the average z-
component of the magnetic field inside the sphere (Φ = pir2〈Bz〉.)
To understand the role of the reconnection diffusion
during the disk formation, we analyze quantitatively the
evolution of the:
1. Magnetic field and angular momentum of the disk;
2. Turbulence statistics inside the disk;
3. Topology inside the disk-envelop system.
The following analysis consider the evolution of several
physical quantities integrated inside the volume of cylin-
ders with different radii R around the protostar, unless
otherwise is stated. We employ cylinders with radii of
47, 94, 141 and 188 AU (equivalent to 6, 12, 18 and 24
grid cells, respectively). All the cylinders have height of
188 AU (or 24 grid cells).
5.1. Disk time evolution properties
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Fig. 5.— Time-evolution of the volume-averaged magnetic field
〈B〉 (green) and the angular momentum density 〈m〉 = 〈ρRu〉 (red)
inside the cylinder with radius R = 47 AU. The same shape holds
for the cylinders with larger radius.
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malized by it respective time average at each cylinder and then
off set by ‘0.4’ from the largest cylinder. Black: R = 47 AU;red:
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We follow the time-evolution of the angular momentum
density m = ρRu and of the mean magnetic field |B| av-
eraged by the volume inside each cylinder (see Figures 5
and 6). Both magnetic field and angular momentum
grow during the first stages, when the disk is forming. At
≈ 7, 600 yr, reaches a peak, decreasing afterwards find-
ing a fluctuating steady point. Meanwhile, the angular
momentum increases monotonically (within the precision
allowed by turbulent effects), up to a steady state, al-
lowing a rotationally-supported disk (Santos-Lima et al.
2012).
Aiming to compare the torque exerted by the mag-
netic field lines with that exerted by the gas on the
angular momentum of the disk, we integrate the ra-
dial and vertical components of the angular momentum
flux through the surfaces of the cylinders with different
radii (Equation 4) The gas and magnetic field compo-
nents of the angular momentum flux tensor (respectively
(Λij)m and (Λij)b) are analyzed separately. The angu-
lar momentum fluxes in the radial direction are given by
Λm = −ρz(uRuθ+ν(∂θuR+∂Ruθ)), and Λb = zBRBθ. In
the radial component Λm = −ρR(uzuθ+ν(∂θuz+∂zuθ)),
and Λb = RBzBθ.
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The effective viscosity ν due to numerical effects in
the present simulations has a value estimated of ∼
318 cm2 s−1. The integral of Λ over the desired surface
gives the angular momentum flux into or out of the sur-
face (Figure 7). The non-turbulent model has the same
initial setup as the turbulent one, but with no turbulence
injected into the simulation. A positive value on the flux
implies an outflow, while the inflow has a negative value.
The sum of the fluxes over all the surfaces delimiting
the cylindrical volume gives the negative of the torque
exerted in the z direction (equation 6).
There are three distinct phases for the angular mo-
mentum flow in the radial and z direction. The z direc-
tion has a similar contribution from both upper and bot-
tom cylindrical surfaces. The first phase is characterized
by an inflow of angular momentum in the radial direc-
tion and outflow of angular momentum in the z-direction
(corresponding to the buildup of the magnetic flux and
angular momentum of the disk). The second phase has
an outflow/steady state of the magnetic field contribu-
tion to the angular momentum flux. The third phase
has an in- or outflow of angular momentum flux that
corresponds to the steady-state in the disk’s magnetic
field.The magnetic field contribution due the magnetic
field torque (τB) is of the order of 10
52 g s−2 cm, while
the contribution coming from the gas torque τgas is one
order of magnitude smaller. For both models (with and
without turbulence) the torque caused by the gas flow
(including viscosity) is smaller than the torque exerted
by the magnetic field.
The first thing we find is that the angular momen-
tum flux due to the magnetic field, Λb, is the one that
dominates the flux to the disk (Figure 7). Therefore the
feeding of angular momentum into the disk caused by the
inflow of gas (referred as spin-up of the disk due to the
local shear in Seifried et al. (2013)) could not equilibrate
the extraction of angular momentum by the magnetic
torque in our simulation.
The torque exerted on the disk for the model with-
out turbulence has fluctuations on the second half of the
simulation (Figure 7). These oscillations are a prod-
uct of the magnetic braking. The breaking of the disk
produces variations to the mass, velocity and inclination
angle that account for the oscillation on the angular mo-
mentum fluxes in all the surfaces.
The second analysis done to understand the role of the
turbulence in the angular momentum transfer is to cal-
culate the total angular momentum of the disk normal-
ized by its mass. We compare this analysis for both the
turbulent and non-turbulent models (Figure 8). While
the mass-normalized angular momentum (Jz/M ;Jz =∫
V
mzdV ) in both cases is similar —implying that the
shearing of the turbulent movements do not increase the
angular momentum — the total angular momentum of
the disk is different for the two cases.
At the smallest disk the momentum is similar, i.e. the
velocity profile for the disk remains Keplerian, the dis-
ruption of the disk does not affect this scale (Figure 8).
At the second disk for the turbulent model the angular
momentum arrives to a stable Keplerian configuration
due to the disk formation. In the non-turbulent model
the momentum decreases due to the disk disruption and
the lost of the disk velocity.
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5.2. Statistical properties of the turbulence
Turbulence plays an important role in disk formation.
Therefore, it is important to understand its features in
our simulation. In order to characterize the turbulence
intensity in the disk region, we use second-order structure
functions of the velocity on an annulus in the z = 0 plane,
at the same radii used by the cylinders employed in the
volume analysis in the last subsection. The velocities use
for the structure functions do not take into account the
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with radius R=94 AU. The lag used is 47 AU (6 cells), averaging
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rotation and the inflow velocity. The time-evolution of
the structure function of the velocity field for a fixed lag,
representing the squared of the turbulent velocity in the
scale of the lag is shown in Figure 9. This tool allows us
to understand the evolution properties of the turbulence,
in relation to the angular momentum flux.
Fixing an annulus and a time, the turbulence spectrum
can be calculated by varying the lag of the structure func-
tions. We found that the energy power spectrum follows
a power law with a slope of ≈ −1.5 for the scales that
range form 47 AU to 2000 AU. This power spectrum is
closer to the Kraichnan index (Brandenburg & Lazar-
ian 2013). The difference in the power index could be
due to the low spatial resolution due to more extended
bottleneck of the MHD simulations compared to its hy-
drodynamic counterpart (Beresnyak & Lazarian 2010).
The intensity of the turbulence (Figure 9) in a mag-
netized medium is related to the magnetic reconnection
and therefore to the process of reconnection diffusion (see
Lazarian et al. 2014, for a review). In particular the dif-
fusion is related to the angular momentum flux going
into the disk (Figure 7). There is some relation form the
properties of the angular momentum flux in the radial
direction and the intensity of the turbulence.
5.3. Topology of the magnetic field
In addition to the transport of magnetic flux during
the formation of the protostellar disk we expect another
effect related to turbulent reconnection to become im-
portant. A change in the topology of the magnetic field
can reduce the coupling of the disk with the surrounding
media without changing of the magnetic flux through the
disk. Specifically, we consider the change from the con-
figuration where magnetic field somewhat bends passing
through the disk, i.e. a split monopole configuration to
a dipole configuration as illustrated in Figure 10. This
change in the topology implies a decrease of the magnetic
coupling between the disk and the surrounding medium,
which in turn decreases the braking torque. The decrease
is maximal when the magnetic field lines are closing out-
side the disk body as in Figure 10.
To measure the effects of the topology on the flux, we
measure the magnetic flux, Φ =
∫
S
BzdS, and the abso-
lute value of the magnetic flux, |Φ| = ∫
s
|Bz|dS, crossing
the area of concentric disks in the plane of the proto-
stellar disk. Magnetic field in a dipole configuration has
field lines that cross twice the area of integration, one
in the positive direction and one on the negative one
(Figure 10). Hence the flux is going to be smaller than
the absolute value of the flux. The ratio between the
two fluxes reflects the presence of a dipole configuration
(Figure 11). Furthermore, as the scale of the measure-
ment increases, the effect of a magnetic flux reduction
is enhanced due to the increase of the integration area,
encompassing the flux with signal opposite from the flux
crossing the interior of the disk.
There are three extreme events of reconnection where
the formation of the dipole configuration is well ob-
served during the evolution of the system. The times
(∼ 7,500 yrs, ∼ 15,000 yrs, and ∼ 25,000 yrs) seem like
consequence to the intensity peaks on the turbulence Fig-
ure 9. Alternatively, there is another possibility that
explains the reduction on the ratio of the fluxes in Fig-
ure 11, and this possibility is related to the transition to
a superAlve´nic turbulence regime. Since the simulation
remains superAlve´nic for all times this is not possible.
More over, SuperAlve´nic turbulence produces a magnetic
field wandering that can reduce the ratio of the fluxes.
But for the latter possibility the decrease of the magnetic
flux is not expected. We observe that the first two events
corresponds to transition to a dipole configuration while
the last event can be attributed to the transition to su-
perAlve´nic turbulence. Future work should study such
events in more detail and for a wider set of scenarios.
In addition, the constant process of reconnection de-
creases the connection of the rotating disk with the en-
velope, as the magnetic field lines embedded in the disk
get the ability of slippage in respect to the magnetic field
lines embedded in the ambient interstellar gas. We plan
to quantify these effects elsewhere. Here we just want
to state that the ability of magnetic field to change its
topology via reconnection opens another way of partial
decoupling of magnetized disks from the conducting ma-
terial outside the disks.
As shown in Figure 11, there is a decrease in the ab-
solute magnetic flux with time in the innermost circles.
The gradual decrease in the flux — even in the initial
stages, where there is a build-up in the magnetic field
intensity (Figure 5) — is interpreted as constant recon-
nection of the magnetic field to form a dipole configura-
tion from the initial split monopole configuration. The
change in the topology presented in Figure 12 shows the
time-evolution of the magnetic field from a strict split
monopole configuration to a complicated topology con-
sisting of both split monopole and the dipole configura-
tions.
6. DISCUSSION
We do not consider plasma effects as drivers for mag-
netic reconnection within this work. The irrelevance of
small scale physics for turbulent reconnection was first
shown in LV99. More detailed comparison of the effect of
turbulent reconnection and Hall effect was given in Eyink
et al. (2011). Finally, recent work by Eyink (2015) for-
mulated a generalized Ohm’s law which included contri-
butions from standard Ohmic resistance, Hall resistance
and other plasma effects to show the subdominance for
reconnection of the plasma effects compared to the effects
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Fig. 10.— Diagram representing the split monopole and dipole
magnetic field configuration and their interactions with the cloud.
The magnetic field in the split-monopole configuration has more
interactions with the ambient (cloud) magnetic field than the dipole
configuration.
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Fig. 11.— Top panel: absolute value of the magnetic flux,
|Φ| = ∫s |Bz |dS, normalized by the area of five concentric disk with
different radii R around the protostar in the plane of the disk. Bot-
tom panel: ratio between the flux and the “absolute flux”, inside
concentric disks with different radii R in the plane of the disk.
of turbulence.
Other concepts, e.g. based on the so-called hyperre-
sistivity Bhattacharjee et al. (2003) were criticized as ill
founded in our earlier papers (see Lazarian et al. 2004;
Eyink et al. 2011; Lazarian et al. 2015a). We refer our
reader to the aforementioned publications.
Finally, we would like to stress that the process of
turbulent reconnection is intrinsically different from the
folklore concept of “turbulent resistivity”. It is possible
to show that “turbulent resistivity” description has fa-
tal problems of inaccuracy and unreliability, due to its
Fig. 12.— Configuration of the magnetic field lines. For all times,
the seed particles used to visualise the magnetic lines are at the
disk. Right panel: Magnetic field configuration at the initial time.
Middle panel: Magnetic field configuration at 2,000 yrs Left panel:
Magnetic field configuration at 14,000 yrs. For all figures, the color
represents the direction of the magnetic field lines.
poor physical foundations for turbulent flow. It is true
that coarse-graining the MHD equations by eliminating
modes at scales smaller than some length l will introduce
a “turbulent electric field”, i.e. an effective field acting on
the large scales induced by motions of magnetized eddies
at smaller scales. However, it is well-known in the fluid
dynamics community that the resulting turbulent trans-
port is not “down-gradient” and not well-represented by
an enhanced diffusivity. The physical reason is that tur-
bulence lacks the separation in scales to justify a simple
“eddy-resistivity” description. As a consequence, energy
is often not absorbed by the smaller eddies, but sup-
plied by them, a phenomenon called “backscatter”. In
magnetic reconnection, the turbulent electric field often
creates magnetic flux rather than destroys it.
We also point out that fast turbulent reconnection con-
cept is definitely not equivalent to the dissipation of mag-
netic field by resistivity . While the parametrization of
some particular effects of turbulent fluid may be achieved
in models with different physics, e.g. of fluids with enor-
mously enhanced resistivity, the difference in physics will
inevitably result in other effects being wrongly repre-
sented by this effect. For instance, turbulence with fluid
having resistivity corresponding to the value of “turbu-
lent resistivity” must have magnetic field and fluid de-
coupled on most of its inertia range turbulent scale, i.e.
the turbulence should not be affected by magnetic field in
gross contradiction with theory, observations and numer-
ical simulations. Magnetic helicity conservation which is
essential for astrophysical dynamo should also be grossly
violated. A more detailed discussion of the difference
between the effects of turbulent reconnection and the ill-
founded idea of “turbulent resistivity” is given in Lazar-
ian et al. (2015a).
Our study of does not include effects of ambipolar dif-
fusion. We claim that for turbulent environments this is
a subdominant effect. Our analysis of the reconnection
diffusion in Lazarian et al. (2015a) shows that the pro-
cess proceeds efficiently in the partially ionized gas and
the difference between the reconnection diffusion within
fully ionized gas and the partially ionized gas is insignif-
icant on the scales larger than several Alfve´n turbulence
damping scales. This is definitely true for the scales at
which we consider reconnection diffusion in our paper.
The process that we invoked here is reconnection dif-
fusion, which is different from ”turbulent ambipolar dif-
fusion” process discussed in a number of papers (Fatuzzo
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& Adams 2002; Zweibel 2002). It is discussed in detail
in our earlier works (see Lazarian et al. 2014, 2015b)
why the processes required for the ”turbulent ambipolar
diffusion” are intrinsically dependent on fast turbulent
reconnection and therefore can only take place in the
presence of reconnection diffusion. As in turbulent flu-
ids the ambipolar diffusion does not increase the rates of
diffusion compared to reconnection diffusion we conclude
(see more in Lazarian et al. 2015b) that the concept of
”turbulent ambipolar diffusion” is not useful and mis-
leading.
7. CONCLUSIONS
We measure the bulk magnetic field and angular mo-
mentum, as well as their evolution over time, for the
process of disk formation. From those measurements, it
is easy to see that there are three different stages for
the magnetic field and two for the angular momentum.
For the angular momentum, there is a build-up phase
and then a steady-state one. The magnetic field has a
build-up, decrease and steady-state faces. This decrease
of the magnetic field implies that there should be a flux
of the magnetic field out of the disk (associated with a
topological reconfiguration) to reduce its field strength.
Because the bulk properties of the disk have to come from
a measurable quantity from its borders, we measure the
angular momentum flux through the three surfaces. In
all cases, it was found that the component driven by the
magnetic field is much stronger than the one driven by
the angular momentum one. Its important to state that
the dynamics are truly dominated by the magnetic field,
and that this angular momentum flux modifies both the
bulk magnetic field and angular momentum.
We found that the angular momentum flux due to the
magnetic field is greater than the gas component, in cor-
respondence with previous results by Santos-Lima et al.
(2010). Moreover, we found that the shearing due to
the turbulent motions is not capable of compensating
the angular momentum loss due to magnetic breaking
and therefore such shearing cannot resolve the “magnetic
breaking catastrophe”.
The angular momentum flux has three distinct regi-
mens that matches with the ones of the bulk magnetic
field, implying there is a magnetic diffusion. Because
we want to prove that reconnection diffusion is actu-
ally the mechanism responsible for the disk formation,
we measure the properties of the turbulence using struc-
ture functions. With that tool, we measure the power
spectrum and the intensity of the turbulence. We found
that the intensity of the structure functions is related to
the angular momentum flux, as it is expected from the
turbulent reconnection theory. Hence, we conclude that
reconnection diffusion is the mechanism that allows the
dissipation of the magnetic field.
We also noticed that turbulent reconnection decreases
the coupling of the rotating disk with the ambient in-
terstellar matter. One of the processes is related to the
magnetic field changes from a split monopole to a dipole
configuration. That change in itself implies that the con-
nection of the disk with the ambient matter diminishes
without the need of a decreasing magnetic field strength
within the disk. To test this idea, we measure the mag-
netic flux and its absolute value at the plane of the disk
with different disk sizes.
There are three instants where there is a drop on the
ratio of fluxes. This drops can correspond either to a
change in the topology (for the first two events) or to a
magnetic field wandering due to the super-Alfve´nic regi-
men (last event). In each case, the drops corresponds to
peaks in the turbulence intensity. These effects related to
fast turbulent reconnection act to contribute to resolving
the paradox of the “magnetic breaking catastrophe” but
require further studies.
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